Interferons (IFNs) play central roles in establishing innate immunity and mediating 12 adaptive immunity against multiple pathogens. Three known types of IFNs identify their cognate 13 receptors, initiate cascades of signalling events and eventually result in the induction of myriad of 14 IFN-stimulated genes (ISGs). These ISGs perform multitude of functions and cumulatively 15 corroborate a bespoke antiviral state to safeguard hosts against invading viruses. Owing to unique 16 nature of chicken's immune system and lack of foundational profiling information on the nature and 17 dynamic expression of IFN-specific ISGs at the genome scale, we performed a systematic and 18 extensive analysis of type I, II and III IFN-induced genes in chicken. Employing pan-IFN responsive 19 chicken fibroblasts coupled with transcriptomics we observed an overwhelming over-representation 20 of up-regulated ISGs by all types of IFNs. Intriguingly, prediction of IFN-stimulated response element
Introduction

38
Innate immunity defines the first line of host defense, and interferons (IFNs) play central roles in 39 mediating host resistance against viruses, bacteria, fungi and parasites by directly and indirectly 40 regulating multiple immune cells [1] . IFNs are part of the class II cytokine family and are divided into 137 was defined as the volume containing 50% inhibitory activity against VSV-GFP. A total of 1000 UI of 138 IFNs were used for stimulation of chIL28RA DF-1 cells.
140
2.4. Library preparation for mRNA sequencing 141 Total RNA was extracted from IFN-primed or mock treated chIL28RA DF-1 cells in duplicate for 142 RNA-sequencing using the TRIzol reagent (Invitrogen, USA). Approximately 2.5 µg of RNA per 143 sample was used as input material while the mRNA was enriched by Oligo (dT) beads and then split 144 into short fragments using fragmentation buffer (Thermo) that were then reverse transcribed into 145 cDNA using random primers. Second-strand cDNA was synthesized by DNA polymerase I, RNase 146 H, and dNTP. The cDNA fragments were then purified using the QiaQuick PCR extraction kit, poly(A) 147 tails were added, and the ends were repaired and ligated to Illumina sequencing adapters. The 148 ligation products were size selected by agarose gel electrophoresis, PCR amplified, and were then 149 sequenced using the Illumina HiSeq in 2x150bp configuration by Genewiz Co. (New York, USA).
151
2.5. RNA-Seq data analysis 152 Sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor 153 quality using Trimmomatic v.0.36 [20] . The reads were then mapped to the chicken reference 154 genome available on ENSEMBL using the STAR aligner [21] . The RNA-seq aligner was executed 155 using a splice aligner, which detects splice junctions and incorporating them to help align the entire 156 read sequences which generate BAM files. Unique exon hit counts were calculated using feature containing statistics of over-or under-representation of GO Biological Processes relative to the 167 unfiltered gene list was generated for each comparison and included as a deliverable. After mapping 168 and total transcript hit counts calculation, the total transcript hit counts table was used for 169 downstream differential expression analysis using DEXSeq [25] . To estimate the expression levels 170 of alternatively spliced transcripts, the splice variant hit counts were extracted from the RNA-seq 171 reads mapped to the genome. Differentially spliced genes were identified by testing for significant 172 differences in read counts on exons (and junctions) of the genes using DEXSeq with an adjusted p 
214
The aim of the present study was to reveal a complete picture of the antiviral type I, II and 215 III-responsive genes in chicken fibroblasts. To elucidate the overall antiviral potency and the 216 unimpeded ability of chicken IFNs to establish an antiviral system, we expressed chIFN-α, chIFN-λ 217 and chIFN-γ in the heterologous mammalian (HEK 293T) cells as we described before for the 218 chIFN-β and chIFN-κ [3, 4] . The biological activities and responses of chicken embryo fibroblasts to 219 these cytokines were assessed using highly sensitive and IFN-activated chMx promoter [3, 26] . The 220 chMx promoter carries cis-acting regulatory elements including GAS and ISRE, which are 221 fundamental for regulation of the pan-IFN mediated transcriptional initiation.
223
Using chMx promoter-based reporter system, fold induction of downstream luciferase gene was 224 measured under chIFN-α, chIFN-λ and chIFN-γ stimulation and compared to mock-treated control.
225
The recombinant chIFN-α and chIFN-γ induced as high as 19 and 14 folds luciferase activities,
226
respectively. Intriguingly, chIFN-λ activated a weaker chMx promoter activity in established chicken 227 fibroblasts ( Figure 1A ). Since all three types of IFNs activate JAK-STAT pathway in a 228 receptor-specific manner, it has been revealed that DF-1 cell line showed suppressed expression of 229 chIL28Rα receptor [28] , which led to attenuated promoter activities. Moreover, we demonstrated a 
246
In order to demonstrate the supplementation of chIL28Rα can reconstitute the functional 247 abnormalities, we used a stable DF1 cell line, which constitutively expressed chIL28Rα receptors 248 (named as chIL28RA DF1). Stimulation of these cells with chIFN-λ profoundly activated the chMx 249 prompter activities at the level that was comparable to chIFN-α and chIFN-γ ( Figure 1C ). Moreover,
250
the chIFN-λ substantially inhibited the replication of VSV-GFP in stable chIL28RA DF1 cells. While 251 the level of virus inhibition was lower than chIFN-α and chIFN-γ, comparative to wild type DF1, a 252 considerable improvement was observed ( Figure 1D ). These results demonstrate that chIL28RA 253 DF1 cell line is an improved system to quantify all types of IFNs, possesses a functional IFN system, and is a suitable model cell line to map the nature and dynamics of ISGs induced by all type I, II and 255 III IFNs. Therefore, this stable cell line was used for chicken transcriptomes throughout the study.
257
Experimental Outline to Measure Chicken Transcriptomes
258
The recombinant chIFN-α, chIFN-λ and chIFN-γ were quantified in a VSV-GFP based IFN-bioassay 259 as we described before [3] and were diluted to a final concentration of 1000 UI/ml. 
278
Compared to the mock-treated chIL28RA DF1 cell, the chIFN-α stimulated a total of 111 genes and 
281
among genes that were differential expressed and mapped to the chicken genome, a total of 29 282 genes were observed to be chIFNα-specific whereas 60 were chIFN-λ-specific ( Figure 2B ). In order 283 to understand the plasticity of chIFN-α and chIFN-λ in inducing specific set of ISGs, the comparative 284 scatter plat analysis indicated that majority of the up-regulated as well as down-regulated genes 285 were shared between type I and type III IFNs ( Figure 2C 
305
Genes that were mapped to the chicken genome in chIFN-α and chIFN-γ-primed chIL28RA DF1 cell 306 were 8449 and 8468, respectively ( Supplementary table 1) . Amongst these genes, a total of 110 were up-regulated and 36 were down-regulated by chIFN-γ in contrast to chIFNα-mediated 308 up-regulation of 111 and down-regulation of 29 genes ( Figure 3A, Supplementary table 1) . The In order to map the diversity of these genes, we plotted them against the fold of induction of a gene Figure 3D ). Altogether, these data demonstrate that differential 329 interaction of type I and type II IFNs to their cognate receptors and induction of distinctive JAK-STAT 330 mediated cascades led to a differential and characteristic pattern of ISGs by these IFNs.
332
Comparative Induction of ISGs by Type II and Type III IFNs
333
The receptors for the type II IFNs are predominantly expressed in majority of immune cells whereas 
363
( Figure 5A ). However, the genetic and expression levels varied among genes that were induced by more than one IFN. While a large number of genes were insignificantly and ubiquitously expressed 365 (n=8433), a range of commonalities and uniqueness in the expression dynamics was observed 366 ( Figure 5B ). The Venn diagram of ISGs regulated by type I, II and III IFNs revealed majority of 367 IFN-specific genes were expressed by the chIFN-γ followed by chIFN-λ and chIFN-α. However, as 368 expected, the largest set of ISGs (n=50) was shared by the chIFN-λ and chIFN-α and the number of 369 shared ISGs between type II and type III and type I and II were 23 and 15, respectively ( Figure 5B ).
371
Cumulative scatter plot analysis of genes between chIFN-λ and chIFN-α, and chIFN-γ and chIFN-α 372 highlighted genes of overlapping and distinctive expression patterns. The genes that were 373 up-regulated ranged from transcription factors, nuclear receptors and host antiviral factors. However,
374
these genes were predominantly presented by the ISG including DDX60, OASL, Mx1, IFI6, IFIT5,
375
LY6E, TMEM173 among others ( Figure 5C ). While the down-regulated genes were lower in 376 numbers, transcription of genes such as PIGY, FADS and TNFAIP6 were unanimously suppressed 377 by IFNs in chicken fibroblasts (Supplementary table 2) . The clustering heat map, directly comparing 378 selecting unregulated genes among chIFN-α, chIFN-γ and chIFN-λ, indicated a distribution of a set 379 of genes across the spectrum. This heat map articulated a less-extensive expression divergence 380 between genes of type I and type III IFNs, whereas the nature of type II IFN-mediated genes showed 381 a higher divergence with the genes induced by the rest of IFNs ( Figure 5D ). Altogether, this data The direct comparative analysis of significantly regulated genes showed a high-level of synergy 399 between chIFN-α and chIFN-γ in both up-and down-regulated genes where PIGY was the most 400 down-regulated and DDX60 was the most up-regulated gene ( Figure 6A ). However, both up-and 401 down-regulated genes were substantially different between type I and II, and type II and type III
402
IFNs-stimulated genes. This differential and IFN-dependent expression of ISGs is mainly attributed 403 to the promoter of the genes [2, 3] . Next, we scanned the chicken genome for the presence of ISRE 404 and GAS elements in top regulated genes and identified that highly regulated genes carried GAS 405 element in abundance compared to the ISRE in an IFN-independent manner ( Table 1, 406 Supplementary table 3 ). The sequence of ISRE and GAS varied among genes induced by IFNs 407 where GAS element was identified in type I and type III ISGs and even the ISRE was detected in the 408 promoter of genes induced by type II IFNs with a consensus sequence shown in the Figure 6B and 409 6C for ISRE and GAS, respectively. 
411
414
In order to demonstrate that in silico predicted ISRE and GAS respond to IFNs, we generated a 415 luciferase reporter system using wild type promoter of chIFIT5, which is one of the highly regulated 416 genes both transcriptionally and translationally in chicken [3] . The promoter sequence of the chIFITI5 417 contained two putative ISREs, a GAS and six GAAANN elements, which are hallmarks motifs for 418 IFN-responsiveness ( Figure 6D ). This entire cassette was cloned upstream to luciferase reported 419 gene and was used to monitor the expression of the gene in cells primed individually with chIFN-α, 420 chIFN-λ or chIFN-γ. Fold change induction, compared to mock-primed cells, showed a substantial 421 stimulation of reporter gene transcription by all type I, III and II IFNs ( Figure 6E ). Finally, we verified 422 the RNA-seq based expression of top six ISGs using qPCR as we described before [3] , and the fold 423 change of all these ISGs aligned with the level of induction observed in transcriptomes ( Figure 6F ). 
451
Moreover, mapping and cataloguing genes that are specific to type I, II or III IFNs or identifying 452 genes that span the responses against pan-IFN levels would provide foundation to functional 453 investigations against viruses of birds.
455
Building upon existing information on chicken ISGs [18, 30, 32] and our recent studies [3, 33] , we 456 compared the expression of the genes, which are induced by either chIFN-α, chIFN-λ or chIFN-γ and 457 catalogue the genes which are IFN-specific or genes that are shared between different types of IFNs 458 in chicken. Since IFNs show cell and tissue-specific actions [8] , which are mainly attributed to their 459 cognate expression patterns [28], we attempted to establish a model system that could reliably 460 respond to all type of IFNs. The chicken fibroblast (DF-1), one of the most characterized cell lines in 461 avian research, was selected. However, due to repressive expression of chIFN-λ receptors [28], the 462 treatment of DF1 with type III IFN showed defective genes inductions, IFN-promoter activation and 463 cumulatively established an antiviral state against IFN-sensitive virus (VSV). We thus exploited a 464 permanent DF1 cell line that exogenously express chIFN-λ receptors and thus revised the full 465 responsiveness to type III as well as other IFNs. We propose this as an improved tool to study 466 genome-scale ISGs induced by multiple stimuli and regulated by a complex cellular network.
468
Using genome-scale transcriptomes in chicken fibroblasts, we enlisted genes that were IFN-specific 469 or were generic. The overall numbers of genes that were either up-or down-regulated were lower 470 compared to previous studies which were performed on primary [17] or established cell lines or in 471 vivo [18] . We reasoned that since we applied stringent-selection and fold-induction criteria in a cell 472 line that could induce simultaneous responses, the overall gene transcription was weaker. Moreover,
473
the in vitro experimental setting would differ from a naturally occurring infection where more potent 474 local type I IFNs are activated soon after viral infections (or other stimuli) which then expand to system with the release of several cytokines and other affecters simultaneously [34] . However,
